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Extension of the temperature-magnetic field phase diagram of CeB
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We have measured the magnetic field dependence of the paramagnetic to the field-induced high-temperature
antiferroquadrupolar magnetically ordered phase transition ing@eBn 0 to 60 T using a variety of tech-
niques. It is found that the field-dependent phase separation line becomes reentrant above 35 T and below 10
K. Measurements of resonant ultrasound, specific heat, and neutron diffraction on samples from the same
growth batch show all of the known phase transitions plus a new phase appedrind &K in zero magnetic
field.
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. INTRODUCTION quality single crystals of CeB First, we have extended the
phase boundary between phases | and Il to 60 T and observe
The nature of cooperative ordering in highly correlatedthat, above 35 T, phase | becomes reentrant, in agreement
electron systems continues to be a central topic of fundamenyith expectations of theof/Second, we have verified from
tal interest. In the past decade cerium hexaboride ¢CaBd  resonant ultrasoun¢RUS) and specific heat measurements
related materials have been the focus of many studies of theihat on *'B-enriched samples a weak second-order phase
electronic, thermal, and magnetic properties to investigateransition occurs at zero field between phases | and II, while
the delicate balance between the Kondo-lattice ground state sharp second-order phase transition occurs between phases
of these highly correlated electron systems and various stateésand Ill as a function of temperature. Both transitions occur
with long-range magnetic ord&ICeB; is a prototype system at the same temperatures as in natural B isotope abundance
because all the interesting properties arise from a single 4samples. Third, from neutron diffraction measurements in
electron on the Ce ion that hybridizes with the conductionzero applied magnetic field, we have decreased the maxi-
electrons, giving rise to heavy fermidhlF) behavior. mum possible magnetic dipole moment that exists in zero
Cerium hexaboride is one of several rare-earthapplied magnetic field on the Ce sites in phase Il by a factor
hexaborides that crystallize in the primitive cubic structureof 2.5 from the previously established linitFourth, we
with the rare-earth ions at the cube center and boron octahéave identified a new zero-field second-order phase transi-
dra at the cube corners. The cubic crystal field due to the sion to an unknown magnetic state at 1.6 K, inside the ac-
boron atoms in CeBsplits the single-electronf4six-fold-  cepted phase Il regime.
degenerat€F ¢, level into a two-fold-degeneratg, and a

four-fold-degeneratd’g level? It has been shown that in Il. EXPERIMENTAL AND SAMPLE DETAILS
CeB; theI'g is the lowest-energy state, and the splitting be- .
tween thd, andT'g levels is on the order of 530 KTheT'g All of the measurements were performed on single crys-

symmetry of thef electron on Ce allows the existence of not t&lS synthesized by the solution method from an aluminum
only a magnetic dipole moment, but also higher-order mo-

. . . - 30 T T T . 3
ments, including an orbital electric quadrupole moment. o
Three different phases so far have been identified in this £ 25} S
material. Phase | occurs at high temperaturesl@ K), o ]
where CeR is paramagnetic and exhibits the Kondo effect ® 20 AFQ o]
(electrical resistivity increasing logarithmically with decreas- "'6 15} Phase (IT) F _
ing temperaturg* In an applied field an ordered state iden- = o
tified as antiferroquadrupolaiAFQ) order develops below “:’ 10 AFM T
T,=3.3K (phase I}, while conventional dipolar antiferro- 9 5] Phase (III) 8] 4 PM i
magnetic order develops beloly=2.3 K (phase 11).° As a = - of Phase (1)
function of applied magnetic field, phase Il has been re- 00 Chlgs 1 & ' : 10

ported to exhibit three different orderings of the dipole mo-
ments, with phase boundaries that come together at 2.3 K in
zero field® while the phase boundary for the AFQ order has  FIG. 1. Phase diagram for CgBetermined previously, showing
recently been found to increase with increasing field with nahree main phases. At zero field there are two magnetic ordering
indication of reentrant behavior up to 30(3ee Fig. 1/ In  temperatures: the quadrupolar orderingTg¢ 3.3 K and the Nel

this paper we present several types of measurements on higtemperaturel y=2.3 K.
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flux. Hexaboride single crystals grown by this technique CeBg
have been shown to be of high chemical and structural 60
quality!® The single crystals were made with ultrahigh- o
purity (99.99999% isotopically enriched99% 'B. For the 50 o
high-field phase boundary determination we have made mea- o _ ©
surements with the magnetic field applied along [he0]

and [110] directions using two different techniques. First, 40
temperature-dependent cantilever magnetometer measure-
ments withBJ|[ 100] of the sample magnetization between 25

T and 45 T were made in steady fields using the hybrid
superconducting-plus-resistive magnet at the National High 20
Magnetic Field LaboratoryNHMFL) in Tallahassee, FL. O 30T Restive Magnet
This method of measurement previously has been described O 45T Hybrid
in Ref. 7. Second, we made constant temperature suscepti- 10 - © Pulsed Field
bility measurements witB|/[ 100] in pulsed fields to 60 T at

the NHMFL, Los Alamos. For these latter measurements the 0
sample was placed in a balanced pickup coil to measure the 0 2 4 6 8 10
change in susceptibility of the sample as a function of field at

constant temperature. Third, we measured the magnetization T (K)

with BII[110] from zeroto 32 T in_a res?stive magnetic at the FIG. 2. Ouadrupolar ordering temperaturE.Y vs field from
NHMFL, Tallahassee. Neutron diffraction measurements belpreviously pQubliShe% result(sRef.g:]D plotFt)ed withQ)t(he current data
tween 1.4 K and 4.5 K were performed at the NI_ST Cente that now extends to 60 T. Inset: quadratic fit to the data suggesting
for Neutron Research. The sample was mounted i8] ¢ ;er0.temperature transition would occur near 80 T.

scattering plane with no applied fiela<(l0"* T). A pyro-

lytic graphite monochromator and filter were employed at : : ;
neutron wavelengths of 2.359 A for BT-2 and 2.461 A on ?J?r/nfg 1920 to zero field at much lower fields as predicted by
BT-7, with relaxed angular collimations to optimize the ob- :

. i . X The ordering in phase Il previously has been studied in
served intensities. The specific heat was measured using presence of applied magnetic fields by neutron diffrac-

pulse relaxation method on a small single crystal. Measuregq, oy adrupolar order is not observed directly with neu-

ments of the elastic moduli were performed with & commery, s ‘bt a magnetic field induces magnetic dipole moments

cial RUS spectrometér. on the periodic structure of ordered electric quadrupole
moments® The corresponding wave vectork,
=[1/2,1/2,1/3 was observed in neutron diffractiSrand the

1. RESULTS AND DISCUSSION ordering in phase Il was proposed to be that of electric quad-

rupole moments, requiring a splitting of the fourfold-

%egeneraté“g ground state into two doublets. Several mod-

i
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Uimin'? has described the shape and anisotrop¥ pf's
H as arising from competing AFQ patterns near the orderin
temperature. These fluctuations are suppressed by an appl
magnetic field. Uimin’s model predicts three important char-
acteristics of the AFQ-PNparamagneticphase diagran{1)

§ have been given for this splitting, including a dynamic
ahn-Teller effect involving acoustic phonons or a

thatT, vs H increases linearly at low applied field®) that 35

the AFQ-PM phase line is anisotropic in tfieH plane, and s0bl ol

(3) that T, vs H decreases and goes to zero at sufficiently e B|[110] o

high fields. Based on previously published data Uimin esti- o5k . = B [001] .'f...._

mated the lower limit field for the reentrance Bf vs H as qu'

approximately 25-30 T, yielding aH (T,=0) approaching = 20 ._.'

80 T. The measurements reported here do show reentrance '3 o

above 30 T(Fig. 2), and if a quadratic fit to the data were to = 15 o

persist(inset of Fig. 3, the projectedH(T,=0) is at 80 T. o

Uimin points out that his estimate &f(T,=0) does not take 10 .

into account the Kondo effect, but ignoring the Kondo effect o "

is a valid approximation at fieldsl>2 T where thef elec- 5 H

trons are localized and the Kondo interaction is therefore o la ®

weak. _ 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
The data forBIl[110] along with data forBIl[[100] are Temperature (K)

shown in Fig. 3. It can be seen that there is some slight

anisotropy in the magnetization versus field, but changing to  FIG. 3. Quadrupolar ordering temperatug) vs field for two
BI[110] does not appear to cause much of a change in theifferent crystallographic directions with respect to the direction of
overall shape of the curve that would cause the phase bounthe applied magnetic field.
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FIG. 4. Direct comparison of thel/4,1/4,1/2 antiferromagnetic 116 2 25 3 35 4 45
peak taken at 1.6 Kupper scalgwith the absence of scattering Temperature (K)

(lower scalg at the(1/2,1/2,1/2 AFQ position at 2.8 K. ) ) )
FIG. 5. (a) Relative change in the elastic constadig of a

hybridization-mediated anisotropic coupling of thé wave  single crystal of cubic CefBas measured by RUS as a function of
functions top-like boron or Si-type cerium wave functions. temperature(b) Temperature dependence of the heat capacity of
In an early paper Ohkawaproposed that indirect exchange CeBs. The phase | to phase Il transitid8.3 K), although weak,
interactions between pairs of Ce atoms would produce &ccurs at zero field, and the phase Il to phase IIl transitia K)
splitting of the fourfold-degenerate level intox4) 16 ley-  is extremely sharp and second order.
els, split into a group of two triplets and a group consisting
of a singlet plus a nine fold-degenerate level. More recentlyin particular that the data taken at 2.8 K are well within the
an alternate interpretation of the neutron scattering resultghase Il region, and the absence of a peak shows that there is
was given by Uimif? in which the low-temperature fre- no significant zero-field magnetic ordering due to coupling
guency shift of thd’;,—TI'g splitting was interpreted as aris- with quadrupolar moments, in contrast to the ordering that is
ing from collective modes caused by the orbital degrees ofeadily observed in the phase Il regime for fields of 1 T and
freedom. Most recently there have been a multitude of theoabove? A measurement of the total magnetic structure in
retical papers by Shiina and co-workers about the structuragero field to below 1.6 K recently has been reported with no
of phase Il in CeB.*® This group was the first to propose a change in magnetic structure occurring from above to below
consistent explanation for the apparent discrepancy betweeh6 K in phase IIY” In Ref. 17 the magnetic order from 700
neutron and NMR results in phase II. It should be noted thatmK to 2.3 K in zero field was measured. The intensity of the
muon spin rotation measurements in zero applied magneticl/4,1/4,1/2 and (1/4,1/4,0 peaks changes smoothly to the
field yield a different magnetic structure for CeBor both  lowest temperatures measured, and they conclude that there
phase Il and II1t® but these measurements do show that thés no change in the magnetic structure at zero field as a
exchange coupling between Ce atoms must be antiferromagdnction of temperature in phase lll. Thus, the 1.6-K zero-
netic. field transition seen in the RUS measurements arises from
To investigate the nature of the zero-field ordering and tesomething other than a change in magnetic order.
ensure that the phase |l transitions we were observing were In order to verify that a phase transition occurs in our
the same as previously reported, we have performed zeréamples from phase | to phase Il and that a further transition
field neutron diffraction measurements between 1.4 K ando phase Ill exists at zero field, both RUS and specific heat
4.5 K. Magnetic dipole momentdV(1) and electric quadru- Mmeasurements were made at the NHMHAlos Alamos,
pole momentsE2) have the same parity symmetry, but haveagain in fields<10™* T. The RUS measurements gave sig-
opposite time reversal symmetrj(l, odd, andE2, even. nals proportional to the elastic response of a single crystal of
Thus the application of an external magnetic field is requiredceBs from 1.2 K to 4.2 K, with emphasis on the region near
to break the time reversal symmetry Bf1 and allow the the phase transitions at 3.3 K and 2.3 K. With a resolution of
magnetic dipole moments to coexist with the electric quad-l part in 18, we observe two changes in the elastic tensor
rupole moments. Figure 4 shows a comparison of the antiC;; near the AFQ T,), and the AFM [T »¢) phase transi-
ferromagnetic peak observed at tfig4,1/4,1/2 position at  tions. These changes are shown in Fig) 5where the tran-
1.6 K. The asymmetry of the scattering originates from thesition T, at 3.3 K is observed as a change in slope in the
mosaic of the crystal. The ordered antiferromagnetic momertemperature-dependent data, digat 2.3 K shows a discon-
we observe igm)=0.26(4)ug, in good agreement with the tinuity with no hysteresis. These data indicate that the 3.3 K
literature. Also shown in the figure is the scattering at thetransition (T) is weakly second order, while the AFM tran-
AFQ position(1/2,1/2,1/2. No scattering in zero field at this sition (Ty) is a sharp second-order transition. A second zero-
position was detectable at 1.4 K, 1.6 K, 2.8 K, or 3.3 K, andfield transitionT, is observed in phase Il near 1.6 K. The
the measurements place an upper limit of @.@For any  nature and magnetic structure of the phase below 1.6 K are
induced dipole moment associated with the AFQ order. Noteéiot known, but the fact that a transition exists is clearly
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evident in the RUS measurements. until application of an external magnetic field breaks the
In addition to the RUS results, temperature-dependentime-reversal symmetry between the dipole and quadrupole
specific heat results at zero field are shown in Fih).5 moments. We have observed that this magnetically ordered
Again, theT, transition is seen to be weakly second order.field-induced phase can be destroyed by fields only exceed-
and Ty is sharp. To verify the thermodynamic order Bf  ing 35 T. Based on these results, any theory that predicts the
and Ty, specific heat measurements were made using destruction of phase Il below 30 T does not include either all
pulse-relaxation technique for both increasing and decrea®f the effects or it includes incorrect mechanisms. However,
ing temperature. The results shown in Fi¢p)sclearly dem-  two of the theories presented to date, both of which are
onstrate the nature of the transitions with no hysteresis ipredicated on indirect exchange, predict destruction of the
either, indicating that thd& transition is also second order. AFQ phase at fields30 T and cannot be ruled out. Finally,
Further measurements in applied fields up to 15 T showewhen the RKKY interaction between the 4lectron spins
that both transitions followed the published phase diagramgvercomes the thermal effects, internal magnetic fields are
but we were unable to make measurements at sufficientlproduced that break time-reversal symmetry and allow spon-
low temperatures to observe the new zero-field transitiorianeous ordering of the magnetic moments in phase IIl.
seen in the RUS data. All of our measured data on RUS and
C, are in excellent agreement with previously published data
on natural B isotope abundance samfles. ACKNOWLEDGMENTS
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